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In this work, density functional computations and Monte Carlo simulations are performed to
investigate structural, electronic, magnetic, and thermodynamic properties of Co/WS2 junction,
a semiconductor WS2 monolayer covered by a ferromagnetic cobalt monolayer. In addition to
a conventional semilocal exchange-correlation functional, three nonlocal functional, including the
novel ACBN0 scheme, are applied to obtain reliable electronic and magnetic properties. It is argued
that the ACBN0 scheme, is very efficient for first principles description of the Co/WS2 junction.
The obtained electronic structures evidence a trustworthy half-metallic gap in the majority spin
channel of the lowest energy configuration of the junction, promising for spintronic applications.
The obtained magnetic thermodynamics properties from Monte Carlo simulations predict a Curie
temperature of about 110 K, which is far small for device applications of this junction. The electronic
and magnetic properties of the system are calculated under various compressive and tensile strains
and it is shown that a tensile strain of about 4% may effectively improve thermal stability of half-
metallic ferromagnetism in the Co/WS2 junction.
PACS numbers:
I. INTRODUCTION
Transition metal dichalcogenides (TMDCs) are a
known class of exfolibale structures, which are com-
posed of sandwiched X-M-X monolayers (M=Cr,Mo,W,
X=S,Se,Te). Individual MX2 monolayers, in contrast to
their multilayers, have a direct semiconducting band gap
in the visible to near-infrared region and exhibit a high
on/off switching ratio, hence are very promising for var-
ious nanoelectronics and optoelectronics applications.1
Recent observation of long spin life times (> 1ns) in a
single MoS2 monolayer has opened a promising avenue
for spintronic applications of TMDCs.2,3 This long spin
life time is attributed to the strong spin-valley coupling
in the monolayer, which effectively protects spin index
of carriers. As a result, spin index may act as a uni-
versal information carrier across hybrid systems of these
nanolayers with other spintronic materials.3
However, previous studies show that ideal and pris-
tine TMDC monolayers have limitations for their appli-
cation in spintronic devices because of their nonmagnetic
ground state. In this regard, many researchers have tried
to induce spin polarization in these 2D semiconductors
by using magnetic dopants, magnetic coverages, defects,
strain, and cutting into nanoribbons. Doping with tran-
sition metal elements is a conventional method to obtain
stable magnetism in semiconductors. Cheng and others
performed first principles computations to identify that
Mn, Fe, Co, and Zn are promising dopants for production
of 2D MoS2 based diluted magnetic semiconductors.
4 Xi-
ang et al. experimentally confirmed room-temperature
ferromagnetism in the Co doped MoS2 nanosheets and
moreover observed that increasing the doping concentra-
tion decreases the spin polarization of the system.5 An-
other first principles investigation indicates that 4-6.25%
Co substitution in the Mo sites of a single MoS2 mono-
layer produces a stable and optimized magnetic moment
of 3µB/unit in the system.
6 Singh and colleague pre-
dicted a very rich magnetic behavior and an extended
moment formation in a doped WS2 monolayer.
7
In 2014, it was theoretically predicted that a cobalt
monolayer on a single MoS2 monolayer exhibits ro-
bust half-metallic ferromagnetic behavior with a com-
plete spin-filter efficiency of 100% in a broad range
of bias voltage.8 Observation of half-metallic ferromag-
netism over a TMDC monolayer offers a strong evi-
dence for promising potential of atomically thin fer-
romagnet/TMDC junctions for spintronic applications.
Moreover, growth of a ferromagnetic contact on a 2D
semiconductor is likely more feasible than dilute mag-
netic doping of this system, hence junctions of ferromag-
netic monolayers on semiconductor TMDC monolayers
are expected to achieve broad applications in spintron-
ics. Very recently, Garandel and colleagues investigated
spin dependent charge transfer at the Co(0001)/MoS2
interface by using first principles calculations and con-
cluded that this interface constitute an elementary block
of a full spintronic device.9
Recently, some theoretical studies showed that strain
may also induce and control magnetism in some 2D
TMDCs. Guo et al. performed first principles calcula-
tions and observed that strain can induce or enhance spin
polarization of TaX2 (X = S, Se, Te) sheets.
10 Ma and
others also provided theoretical evidences for the strain
tunable magnetization of VS2 and VSe2 monolayers.
11
Likewise, in the hydrogenated and vacancy defected sin-
gle monolayers of MoS2 the influence of strain on the
spin polarization of the system has been theoretically
justified.12 Indeed, in addition to the magnetization, en-
gineering the band gap of 2D materials via strain is also
one of the most viable approaches to achieve wide range
of properties required for rational design of novel devices.
In this paper, we employ first principles computations
to investigate possible emergence of magnetism in a single
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2WS2 monolayer covered by a Co monolayer and examine
strain effects on electronic and magnetic properties of
this system.
II. COMPUTATIONAL DETAILS
The electronic structure calculations and structural
relaxations were performed in the framework of Kohn-
Sham density functional theory (DFT) by using the pseu-
dopotential plane wave technique, implemented in the
Quantum-Espresso package.13 The generalized gradi-
ent functional (GGA) in the Perdew-Burke-Ernzerhof
(PBE) implementation was applied as the exchange
correlation approximation,14 and the Hubbard-based
DFT+U scheme was employed for better description of
the correlated Co 3d electrons.15 It should be noted that
the effective Hubbard parameter Ueff (= U−J) has been
used in our work, where J stands for the Hund exchange.
In addition to the DFT+U method, the Heyd-Scuseria-
Ernzerhof (HSE) hybrid functional has also been used for
more accurate description of the electronic structure of
the system.16 The HSE calculations were conducted by
using the FHI-aims package,17 which employs numeric
atom centered orbitals for efficient full potential all elec-
tron description of materials and nanostructures.
A vacuum thickness of 15 A˚ was used to prevent ar-
tificial interaction by the periodic boundary conditions
perpendicular to the monolayer surface. A kinetic en-
ergy cutoff of 50 Ry was used for the plane-wave expan-
sion of the wave functions and the Brillouin zone inte-
grations were performed by using a mesh of 8 × 8 × 1 k
points. The total energy and atomic force convergence
thresholds were set to 10−5 eV and 2 meV/A˚ for the self-
consistent calculations and geometry optimizations, re-
spectively. The temperature dependence of the magnetic
properties of the system was investigated by using classi-
cal Monte Carlo (MC) simulations in a 20×20×1 super-
cell containing 1600 Co atoms with periodic boundary
conditions. We performed simulations with 2×106 MC
steps for thermalization and 2×106 MC samplings for
the measurement.
III. STRUCTURAL AND ELECTRONIC
PROPERTIES
In order to study the electronic and magnetic proper-
ties of the Co/WS2 junction, composed of a cobalt mono-
layer on a single monolayer of WS2, first we looked for the
stable atomic structure at this interface. In this regard,
four configurations of the interface atoms were consid-
ered. In these four configurations, which are sketched in
Fig.1, cobalt atoms are either on W top sites (W-top),
S top sites (S-top), hollow sites (h-site), or bridge sites
(b-site). In order to determine the most favorable config-
uration, these four systems were accurately relaxed and
FIG. 1: Top view of a WS2 monolayer, W and S atoms are
displayed by large red and small blue balls, while hollow and
bridge sites are shown by white and black dots, respectively.
TABLE I: Calculated binding energy Eb (eV), total magnetic
moment per cobalt atom M (µB), interface atomic distances d
(A˚), S-W-S bond angle θ1 (degree), and Co-S-Co bond angle
θ2 (degree) of the three configurations of Co/WS2.
Eb M dCo−W dCo−S dCo−Co θ1 θ2
W-top -5.24 1.00 2.71 2.11 3.19 82 99.3
S-top -3.68 1.86 4.18 2.16 3.10 83 —
h-site -3.98 0.00 3.01 2.05 3.34 78 109
their binding energy (Eb) were calculated as:
Eb = E[Co/WS2]− E[Co]− E[WS2]
where E[Co] and E[WS2] are the total energies of a free
cobalt atom and a relaxed WS2 monolayer, respectively.
The calculated binding energy as well as other structural
parameters of the investigated configurations of Co/WS2
are listed in table I. We observed that the Co monolayer
does not stay on the bridge positions of the WS2 sur-
face and relaxes to other configurations, hence the b-site
system is not appeared in the table.
Our calculations show that W-top is the most stable
configuration of the Co monolayer on WS2 surface, and
the other configurations are substantially higher (1.36
and 1.64 eV) in energy, indicating strong interface bond-
ing in the W-top system. In this configuration, cobalt
atoms make four interface bonds, three with the neigh-
boring sulfur atoms and one with the underlying W atom.
The corresponding bond distances are presented in ta-
ble I. Moreover, we found that the strong interface bond-
ing in the W-top system weakens the internal bonds
in the WS2 monolayer and consequently increases the
W-S bond distance (2.53 A˚) and the S-W-S bond angle
(82.7o), compared to a pristine WS2 monolayer (2.40 A˚
and 81.5o). The integer total spin moment of 4µB , ob-
tained for the W-top configuration, is an evidence for the
ferromagnetic half-metallic behavior of this system, while
the S-top and h-site configurations exhibit ferromagnetic
and non-magnetic metallic behaviors, respectively.
To gain further insight into the structural and mag-
netic behavior of the W-top structure of Co/WS2, we in-
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FIG. 2: Orbital and spin resolved density of states and band
structures of the stable configuration of Co/WS2. The nega-
tive DOS belongs to the minority channel and the Fermi levels
are set to zero. The shaded areas show the occupied part of
the electronic states.
vestigated projected density of states (PDOS) and band
structure of this system, illustrated in Fig. 2. It reveals
that the system posses a half-metallic electronic struc-
ture which is very promising for spintronic applications.
The half-metallic gap appears in the majority channel
while the 100% spin polarized charge carriers are fully
accommodated in the minority channel. It is seen that
the primary contributions to the valence states arise from
the Co 3d orbitals, with an exchange splitting of about
1 eV. The results show that Co atoms introduce partially
occupied bands into the gap of WS2. In the minority
spin channel, the 3p states of S atom and the 5d states
of W atom contributes significantly to the unoccupied
states and indicate a strong hybridization between Co
and its neighboring S and W atoms. Furthermore, the
strong hybridization of the Co atom with its neighboring
S atoms, leads to a ferromagnetic (FM) superexchange
interaction in the Co/WS2 junction (will be explained in
the next section).
In order to confirm the ferromagnetic ground state of
the favorable configuration of Co/WS2, the total energy
of this system was minimized by starting from an antifer-
romagnetic (AF) state, constructed in a 2× 2× 1 lateral
supercell. We observed that this calculation converges to
a nearly non-magnetic state with about 77 meV higher
energy, compared with the FM state, indicating favora-
bility of half-metallic ferromagnetism in the stable config-
uration (W-top) of a Co monolayer on a WS2 monolayer.
One may also expect non-trivial influence of spin-orbit
coupling (SOC) on the stable spin configuration of the
system. Therefore, we carried out DFT+SOC calcula-
tions and obtained a metastable AF state for the W-top
configuration, which is about 70 meV less stable than the
FM state. Hence, ferromagnetic ordering is the true mag-
netic ground state of the stable configuration of Co/WS2,
although, spin-orbit coupling enhances feasibility of for-
mation of AF spin ordering in the system. Experimental
observations confirm occurrence of ferromagnetism in the
similar Co/WSe2 and Co/MoS2 junctions.
5,18 The ob-
served FM ground state of the Co/WS2 junction is likely
due to the superexchange interaction between neighbor-
ing cobalt atoms in the Co monolayer, because of the
rather large distance (∼ 3.18 A˚) between these Co atoms.
On the other hand, the close Co-S distance of about
2.11 A˚ shows that S atoms are able to mediate a superex-
change interaction between cobalt atoms. According to
the Kanamori-Goodenough rule,19,20 if the Co-S-Co bond
angle is around 90◦, a ferromagnetic superexchange in-
teraction is expected between Co atoms, in well agree-
ment with our calculated bond angle (table I). If this
bond angle is in the range of 120-180◦, the Kanamori-
Goodenough rule predicts an antiferromagnetic superex-
change interaction in the system.
IV. EFFECTS OF NONLOCAL CORRELATIONS
Theoretical study of the Co/WS2 junction is compli-
cated by the correlated nature of the cobalt 3d elec-
trons. Conventional local and semilocal DFT function-
als (LDA/GGA), are known to suffer from the self-
interaction error, which enhances delocalization of the
electronic wave functions and hence prevents a satisfac-
tory description of the localized d or f states. To over-
come this problem different corrections to the PBE wave-
functions are adopted. The DFT+U scheme is a popu-
lar method for better description of these localized or-
bitals, although proper identification of the Hubbard U
parameter is an elaborating task. In older schemes, the
Hubbard parameter is scanned in a proper range to re-
cover some relevant experimental data, while in modern
schemes, first principles determination of this parame-
ter is more appreciated. Because of the lack of proper
experimental data on Co/WS2, we focused on the first
principles determination of U in the framework of linear
response approach.21 The required calculations was per-
formed for the Co 3d states in a 4× 4× 1 supercell with
64 atoms. This method gives a self-consistent value of
5.9 eV for the effective U parameter.
The ACBN0 functional, recently proposed by Cur-
tarolo and Nardelli,22 is a novel pseudo-hybrid Hubbard
density functional for efficient and accurate DFT+U cal-
culations with no need to any empirical parameter. For
a series of transition metal oxides and chalcogenides,
it was shown that the obtained structural, electronic,
and magnetic properties within ACBN0, compare well
with the first principles GW calculations and experimen-
tal measurements, at a fraction of the computational
cost.23,24 We used the computer package AFLOWpi for
our DFT+U calculations in the ACBN0 scheme.25 The
obtained converged Hubbard values in this scheme are
UCo−3d = 4.65, US−3p = 1.24, and UW−5d = 0.17 eV.
Contrary to the predominant focus on the partially Co
3d states, the ACBN0 results suggest a small Hubbard
correction on the sulfur 3p as well as on the close shell
W 5d states. Some other theoretical studies have also
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FIG. 3: Obtained spin resolved electronic band structure and corresponding density of states (DOS) of Co/WS2 within the
DFT+U, ACBN0, and HSE methods. The spin up and down DOS plots are resolved into atomic contributions. The Fermi
levels are set to zero and the gray regions show the occupied part of the electronic states.
argued the importance of the Hubbard correction to the
p states for correct description of the electronic structure
of TiO2, ZnO, CdO and other compounds.
23,26,27
The computationally expensive method of hybrid func-
tionals is an alternative approach for better description
of the electronic structure of strongly correlated com-
pounds. These functionals take into account nonlocal
electronic effects by mixing a fraction of the Hartree-
Fock exchange with the local or semilocal DFT function-
als. In the current project, we have performed certain
time consuming computations within the HSE06 hybrid
functional to compare with our ACBN0 and DFT+U cal-
culations.
The obtained electronic structure of Co/WS2 within
the DFT+U, ACBN0, and HSE methods are presented
in Fig. 3. It is seen that DFT+U predicts a full metallic
state for the junction, while ACBN0 and HSE detect a
nontrivial half-metallic gap in the system. In the absence
of proper experimental data, we attribute the metallic be-
havior of Co/WS2 within DFT+U to the overestimated
value of the U parameter (5.9 eV) in this scheme. One
may find some other cases in the literature where the
linear response approach has overestimated the Hubbard
parameter of the system.28
It is seen that the ACBN0 and HSE functionals, sim-
ilar to the PBE results presented in Fig. 2, predict a
half-metallic behavior for the Co/WS2 junction. The
obtained half-metallic band gaps, presented in table II,
show that HSE gives the highest half metallic gap while
PBE leads the smallest one. Some theoretical studies
argue that the HSE functional may systematically over-
estimate the band gap,29–32 while the semilocal PBE
functional usually underestimates this parameter. Hence
one may expect that ACBN0 gives a more reliable half-
metallic band gap for Co/WS2. The obtained electronic
structure, presented in Fig.3, indicate good similarity be-
tween the general features of density of states within HSE
and ACBN0, while corresponding electronic band struc-
tures exhibit some differences around the Fermi level.
In order to calculate magnetic thermodynamic proper-
ties of the system, one has to perform extensive statistical
averaging over a large ensemble of spin configurations of
the system, by using the Monte Carlo scheme. To facil-
itate this procedure, the energy of individual spin con-
figurations is usually parameterized in terms of magnetic
exchange parameters J via the Heisenberg Hamiltonian
H = −∑ JijSi · Sj . The exchange parameters are con-
ventionally calculated from the vertical energy difference
of various spin configurations of the system with the fer-
romagnetic state. It means that the relaxed configura-
tion of the system in the FM state is used to construct
proper supercells for total energy calculation of various
spin configurations. We used a 2×2 lateral supercell for
calculation of exchange parameters. It should be noted
that only one antiferromagnetic (AF) spin arrangement
of cobalt atoms is applicable in a 2×2 supercell, hence, we
only considered the nearest-neighbor Co-Co interaction
for our thermodynamics study. The influence of the next
nearest neighbor couplings will be estimated. Compar-
ing the energy difference of the AF and FM states gives
the nearest neighbor Co-Co exchange parameters, pre-
sented in table II. Among the four investigated methods,
the best agreement is seen between HSE and ACBN0. It
is seen that the nonlocal effects presented in DFT+U,
HSE, and ACBN0, compared with PBE, weakens the ex-
change interaction between neighboring cobalt atoms. It
is likely attributed to the attenuated hopping amplitude
of the neighboring d electrons at the expense of enlarged
on-site Coulomb repulsion in the nonlocal functionals. In
other words, the more localized nature of the cobalt 3d
electrons within DFT+U, HSE, and ACBN0, reduces the
corresponding exchange overlap integrals, compared with
the semilocal PBE functional.
The obtained exchange parameter was used for clas-
sical MC calculation of the thermodynamic parameters
heat capacity Cv, susceptibility inverse 1/κ, and aver-
age magnetic moment µ in the temperature range of 5 to
240 K, with temperature steps of 5 K. The obtained re-
sults are presented in Fig. 4. The calculated temperature
derivative of the average magnetic moment as well as the
heat capacity clearly show the position of the magnetic
phase transition of the junction. The extracted Curie
5TABLE II: Obtained nearest neighbor exchange parameter J
(meV), Curie temperature TC (K), half metallic gap (eV), and
equilibrium lattice parameter a (A˚) within four investigated
schemes.
J TC gap a
PBE 8.3 126 1.01 6.36
ACBN0 7.3 115 1.28 6.39
HSE 6.9 109 1.45 6.41
DFT+U 6.0 95 — 6.47
transitions temperatures, listed in table II, are about
110 K which is not large enough for anticipated device
applications of this junction. In the next section, we will
show that a uniform strain of about 4% may be utilized
to enhance the Curie temperature toward room temper-
ature. Once again we observe that among the four in-
vestigated methods, HSE and ACBN0 give the closest
transition temperatures.
As it was mentioned, we have only considered the near-
est neighbor exchange interaction for our thermodynamic
study, because calculating next nearest neighbor cou-
plings requires larger supercells. In order to estimate
the error of this procedure, two different AF spin config-
urations were considered in a 4×4 supercell, within the
PBE scheme. The obtained total energies are compared
with that of the FM state to achieve nearest neighbor
and next nearest neighbor exchange parameters J1 = 6.3
and J2 = 2.3 meV, respectively. After preforming proper
MC calculations, the new Curie temperature of the sys-
tem within PBE was found to be about 140 K, only 14 K
higher than the result obtained by considering only the
nearest neighbor exchange interaction (table II). It is
already discussed that changing the number of Heisen-
berg exchange neighbors, although influence individual
exchange parameters, has weak effect on the resulting
thermodynamic properties.33 Hence, in this work, in or-
der to prevent heavy supercell calculations, we limit our
thermodynamics study to the nearest neighbor exchange
interaction and assign an inaccuracy of about 10-20 K to
the obtained transition temperatures.
The overall conclusion of this section is that ACBN0 is
an efficient scheme for first principles calculation of elec-
tronic and magnetic properties of the Co/WS2 junction.
The main reason is the close agreement observed between
ACBN0 and the expensive HSE functional in determina-
tion of density of states, exchange parameter, and Curie
temperature. Moreover, it was argued that the obtained
half-metallic gap within ACBN0 is likely more accurate,
compared with HSE and PBE results. Hence, in the
next section, we will concentrate on the ACBN0 method
for the study of strained Co/WS2 junction. It was also
shown that, within the PBE scheme, the spin-orbit cou-
pling may influence the energy difference between FM
and AF states of the junction, hence, magnetic exchange
parameters and consequently magnetic thermodynamics
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FIG. 4: Obtained magnetic order parameter µ and its tem-
perature derivative, specific heat CV, and susceptibility in-
verse (1/χ) of the Co/WS2 junction within the PBE, DFT+U,
ACBN0, and HSE methods.
properties may be sensitive to this relativistic correc-
tion. In this regard, we considered the spin orbit coupling
in the ACBN0 scheme and calculated the energy differ-
ence of the FM and AF states by ACBN0+SOC method.
The obtained exchange coupling constant (6.8 meV) show
slight effect of the SOC correction in the magnetic ther-
modynamics properties of Co/WS2.
V. EFFECTS OF STRAIN
In the previous section, it was seen that the predicted
Curie temperature of Co/WS2 junction (∼ 110 K) is very
small for most technological applications. Hence, in this
section, we investigate whether strain may be helpful
to improve magnetic properties of this junction toward
practical purposes. The strained junctions are calcu-
lated within the ACBN0 scheme, although the PBE re-
sults are also provided for comparison. The magnitude
of strain ε is defined as ε = [(a − a0)/a0] where a and
a0 are the lattice parameters of the strained and equi-
librium structures, respectively. The atomic positions
within all strained structures were fully relaxed. The
first issue to be considered, is the stability of the junc-
tion under strain. Individual WS2 sheets, in general, ex-
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FIG. 5: Effect of biaxial strain on the binding energy of the
H and T phases of Co/WS2.
hibit two polymorphs: trigonal prismatic (H-phase) and
octahedral coordinated (T-phase). The most stable crys-
tal structure is the semiconductor H phase, while the
metastable T phase exhibits a metallic behavior.34 First,
we investigated whether a biaxial strain may induce a
structural phase transition from the stable H-phase to
the metastable T-phase in a WS2 monolayer covered by
a cobalt monolayer. In this regard, binding energy of the
junction in both phases was calculated under various bi-
axial tensile and compressive strains. The results, shown
in Fig. 5, indicate that a biaxial tensile strain of more
than 4% may convert the WS2 structure of the junction
to the T-phase. Therefore, in the following, we study the
strain values between -4% to 4% to prevent the possible
structural phase transition in the system.
Various calculated physical properties of the strained
Co/WS2 junction are presented in Fig. 6. We observe
that the obtained effective U parameters are almost in-
sensitive to the strain for the strain values larger than
-2%, while at the strain of -4% a rather large U pa-
rameter is obtained for the cobalt d states, indicating
the highest localized nature of the Co d states in this
system. This high localization quenches the magnetic
moment of cobalt atoms and close the half-metallic gap
of the -4% strained junction (Fig. 6). Because within
the ACBN0 scheme, the half-metallic gap of the junc-
tion is enclosed by the cobalt d states (Fig.3) and the
magnetic moment of the cobalt atoms is also originated
from d electrons. In order to inspect the effect of strain
on the magnetic state of the system, we investigated the
strained Co/WS2 junction within both ferromagnetic and
antiferromagnetic states. The obtained binding energies,
presented in Fig.6, indicate that tensile strain increases
the relative stability of the FM state, while compressive
strain reduces the energy distance between FM and AF
states. The calculated magnetic moments show that com-
pressive strain pushes both FM and AF spin orderings
toward a nonmagnetic state. It is due to the fact that
compressive strain enhances crystal field of the system
and hence weakens the spin polarization of the cobalt
layer.
As shown in the figure, within both ACBN0 and PBE,
the Co-Co distance is more sensitive to the strain, com-
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ACBN0 scheme, half-metallic band gap, binding energy Eb
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system M per cobalt atoms, Co-Co and Co-S bond distances,
Co-S-Co bond angle, magnetic exchange parameter J, and
Curie temperature (Tc) of Co/WS2 as a function of biaxial
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pared with the Co-S distance, because Co atoms are in
the same plane while S atoms are in a separate layer
close to the Co layer. Therefore, tensile strain is ex-
pected to enhance the role of FM superexchange inter-
action between cobalt atoms in the magnetic behavior of
the junction. The faster increase of the Co-Co distance,
compared with the Co-S distance, leads to increasing the
Co-S-Co bond angle by increasing strain, illustrated in
Fig 6. However, obtained bond angle of the strained
junctions remains well in the ferromagnetic region of the
Kanamori-Goodenough rule. The half metallic gap of the
system is found to decrease by both tensile and compres-
sive strains, in such a way that the equilibrium structure
gives the highest half metallic gap within ACBN0 and
PBE. The observed decrease under compressive strain is
faster and the gap is closed at the strain of -4%, while
tensile strain up to 4% preserve the half metallic nature
of the junction. Compared with PBE, ACBN0 gives a
larger half metallic gap, which is expected to be more
close to the reality.
At the final step, we consider the effects of strain on
magnetic thermodynamic properties of the stable config-
uration of Co/WS2 junction. In this regard, first, the
magnetic exchange parameters were calculated by com-
puting the vertical energy difference between the FM and
AF states of the strained systems. Then, with the same
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FIG. 7: Obtained magnetic thermodynamic parameters of
the Co/WS2 junction under 4% tensile strain within PBE and
ACBN0.
setup as equilibrium structure, classical MC calculations
were performed to obtain magnetic thermodynamic prop-
erties of the strained junctions. The obtained magnetic
exchange parameters and Curie temperatures, as a func-
tion of strain, are given in Fig. 6. We can see that
within both PBE and ACBN0 functionals, exchange cou-
pling J and consequently the Curie temperature of the
Co/WS2 junction increase with increasing strain. The
Curie temperature under a tensile strain of 4% reaches
a close room temperature value of about 262 K. This in-
dicates that tensile strain is promising for realization of
the potential device applications of the Co/WS2 junction.
The same enhancement is experimentally observed in the
Curie temperature of the strained FeNi thin films.35
The magnetic thermodynamic properties of the 4%
strained junction, as a function of temperature, are
given in Fig. 7. We observe that the PBE and ACBN0
results coincide very well at this value of strain. Almost
all obtained properties, presented in Fig. 6, confirm
that by increasing strain the difference between the
PBE and ACBN0 descriptions decreases. It is more
visible in the trend of Co-S-Co bond length, exchange
coupling parameter, and Curie temperature. In a recent
preprint,36 it is discussed that weakening of the Hubbard
interaction under strain is an screening effect. In other
words, tensile strain increases p-d band overlap and
consequently enhances screening effects in the system.
VI. CONCLUSIONS
In summary, we employed pseudopotential DFT cal-
culations to investigate structural, electronic, and mag-
netic properties of a Co monolayer on a semiconductor
WS2 monolayer. It was seen that cobalt atoms prefer to
stay on top of W atoms to make a triangular pyramid
with three neighboring surface S atoms. The electronic
and magnetic properties of the stable configuration of the
junction were considered within the semilocal PBE and
nonlocal DFT+U, ACBN0, and hybrid HSE schemes.
The obtained electronic structures indicate that PBE,
ACBN0, and HSE predict a ferromagnetic half-metallic
ground state for the Co/WS2 junction, while DFT+U
gives a metallic state, which is due to the overestimated
value of the effective Hubbard parameter in the linear
response approach. Next, by calculating the vertical en-
ergy distance between the ferromagnetic and antiferro-
magnetic states, the nearest neighbor exchange coupling
between cobalt atoms were extracted and used for Monte
Carlo simulation of the thermodynamics properties of
the junction. The obtained temperature profile of the
magnetic order parameter and heat capacity indicate a
transition temperature of about 110 K for the system.
Comparing the obtained electronic and magnetic prop-
erties within PBE, DFT+U, ACBN0, and HSE indicates
that the novel ACBN0 scheme is a very efficient method
for first principles simulation of the Co/WS2 junction.
Hence, this scheme was used to investigate the effect
of tensile and compressive strains on the electronic and
magnetic properties of the system. It was shown that a
tensile strain of about 4%, may effectively enhance the
transition temperature of the junction toward room tem-
perature, while preserving the half-metallic behavior of
the system.
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